The paper presents a series of repeated static loading tests on a prestressed concrete beam, which was originally part of a real bridge and then subjected to stepwise artificial damage. The tests were done during a one-month period that four levels of damage were introduced by cutting tendons until visible cracking occurred. The deflection line was measured by means of several displacement sensors and the retrieved information is used in different ways for damage detection.
Introduction
Damage detection of bridges based on dynamic characteristics, i.e. modal parameters like eigenfrequencies, mode-shapes or damping ratios has been studied a lot in the last decades. For example, damage can be uncovered by reduction of eigenfrequencies or change of mode-shapes. The modal features are also used for subsequent procedures like finite-element model updating as illustrated on the Z-24 Bridge (Switzerland) [1] and the Gaertnerplatz Bridge (Germany) [2] . These parameters allow assessing experimentally stiffness/flexibility, as for instance reported for real bridges in Luxembourg [3, 4] . Damage in the I-40 Bridge in New Mexico was localized by a sensitivity analysis [5] .
Further to detection and localization, assessment of damage can be realized [1, 4, 6, 7] and even a prediction of remaining lifetime is targeted [8, 9] .
On the other hand, static load tests have a long tradition in civil engineering, provide important information on deformation, displacement, rotation and strain [10, 18] . They have been since ever an appropriate alternative and an amendment to visual and dynamic inspections as deflection or strain measurements are relative easy. Static load testing within the service load limits have been used to validate new bridges and to verify the actual capacity of existing bridges. For example, before the opening to traffic in 10-2013, a new bridge in Grevenmacher (Luxembourg) connected to Wellen (Germany) over the Mosel River was undergone static load testing by six full charged trucks to archive the deflection line. For old bridges, this kind of test is very useful to check their present condition. In Florida [11] , two prestressed concrete bridges were subjected to full-scale static tests where load testing vehicles delivered the ultimate live load. The results showed consistently that structures have greater residual strength than indicated by analysis or design. After 23 years of service, the real structural behaviour of the cable-stayed "Antonio Dovali Jaime" Bridge in Mexico was assessed [12] ; after the load test campaign, residual deformations were not observed. A concrete arch bridge in Turkey, dates back to mid-to-late 19th century and has approximately 8600km of track length was checked by both dynamic and static load testing [13] . The static load test was performed by two diesel locomotive of DE24000 type and the load rating procedure proved the considerably safety of the bridge. Marefat [14, 15] studied the remaining load carrying capacity of two plain 60-year-old concrete arch bridges in Iran. By overloading compared to the expected service load, these bridges proved their satisfactory performance. However, the high load testing may provoke additional cracks and is hence not always appropriate.
Moreover, it is known that ambient temperature can change the stiffness of asphalt and bearings (pads, soil) and hence the static test results. Therefore, a temperature compensation procedure is discussed, used and evaluated below.
We got recently the chance to perform static and dynamic testing of a real prestressed concrete bridge prior to its demolishment. Increasing artificial damage was introduced in four successive steps and its effect on the static load testing within the service load limits is subsequently analyzed here, while the dynamic testing methods will be published in a companion paper. The relation between damage, static deflection, rotational angle, curvature and sagging together with unavoidable outdoor temperature variations are investigated.
Description of the structure
The tested structure was a part of the bridge, which was built between 1953 and 1955 and which crossed Mosel River between Grevenmacher (Luxembourg) and Wellen (Germany). It was demolished in 2013 and replaced by a new steel bridge. Some material tests were performed to verify the static strength of concrete and tendons for the bridge after 60-year service life.
Material Properties of the concrete
Twelve cylindrical specimens of the concrete were taken in total and seven underwent so far compression or tension testing. The results are given in Table 1 . 
Prestressed tendons
The concrete beam was prestressed by 19 steel tendons along the longitudinal direction of the beam, as shown in Figure 1 for a half of the symmetric beam. As shown in Figure 2 , each tendon was composed of 12 steel wires of 7mm diameter; they surrounded a spring that runs along the axis of the tendon. The whole tendon laid in a sheathing. During the construction of the bridge, the tendons were prestressed and subsequently grouted with mortar. This grouting was done to avoid corrosion and to fully connect the tendons to the concrete.
In Figure 2 , the cross sections of some tendons show that they were not all fully filled with mortar.
If the filling is not completely performed, corrosion is facilitated. In our test series of cutting tendons, a tendon without mortar showed higher decrease of strain than a completely surrounded tendon.
Corrosion and rupture of tendons lead to a local loss of prestress, which is normally first not visible from outside though it can be safety relevant. Depending on the level of prestress and the number of failed tendons that cracking of concrete occurs. As the tendons were grouted with mortar and the ends are in general not accessible, they cannot be tested just by pulling. Hence indirect testing methods are very interesting, e.g. those who are tracking the bending stiffness. The remaining prestress in the steel tendons was measured in a destructive way, using strain gauges, which were glued on one of the 12 fibres of a tendon. Then this fibre was cut approximately 50% with an angle grinder leading to a forced rupture of the remaining section. Then the decrease of strain was registered with the strain gauge and in addition, the length of the visible gap between the two fragmented ends was measured with a sliding calliper.
In average a strain of = 3,28 ‰ and a gap of Δ = 2,25 were detected. Taking into account a
Young's modulus of = 2. 10
5
, the previously existing prestress can be calculated = .
= 2. The latter value means that approximately 0.7m around the cutting position, the prestress will decrease by cutting a tendon. Farer away the tensile stress in the tendon will stay in consequence of back-anchorage due to friction. This effect was important for the numerical modelling and simulation where we set the prestress to 0 for a length of 0.7m, which are not discussed here.
Situation of the testing beam
The old bridge had 5 independent fields, each consisted of 5 parallel prestressed concrete beams carrying the driving lane. Two of these beams with a length of 46m and a mass of about 120 tons each were shipped to the nearby port of Mertert for test purposes.
The idea was to simulate the situation during service-life of the bridge and then measure structural responses due to the planned tests. Therefore, one of the beams was jacked-up as simply supported beam as shown in Figures 3 and 4 . The fixed and sliding bearings were realized onto an existing railroad plus solid concrete foundation. First, two cast-in-place concrete blocks were made on the railroad and then the beam was lifted onto these blocks by a crane. One end of the beam was fixed to the concrete bloc in order to avoid movement in any direction. For the sliding bearing, two steel plates were placed between the beam and the concrete block and lubricated with grease. In fact, this was not a perfect sliding bearing because some friction still existed. But we clearly measured and document below longitudinal stick-slip movement of the beam, e.g. due to thermal expansion. Although it was not distributed equally over the whole beam length like an asphalt layer, its induced stresses were checked and considered as an equivalent approximation.
Furthermore for repeated static testing purposes with always the same mass loading, two concrete blocks with a mass of 13t each were used and are subsequently denominated as live load. The bridge was subjected to similar charging due to high traffic loading during its life, i.e. the 26t stayed within the permitted service loading. They were positioned on predefined and fixed wooden pads, and removed again after at least 24 hours. Displacements were recorded in several locations, as detailed in Figure 4 , in the vertical (SV1-SV6, SV8) and the horizontal direction (SH7).
Transducer SH7 was placed near the sliding bearing to verify the horizontal movement of this bearing. Multiple vertical transducers were mounted in the axial direction in the middle of the crosssection to capture the deflection line. The two transducers SV1 and SV8 were placed off-centre at the outside of the flange at the same axial position to assess the beam's horizontal rotation, if present.
All static tests were performed between January 20 and February 19, i.e. within one month. During the whole time, the deflection of the beam and the ambient temperature condition were permanently registered. Figure 5 shows the set-up of eight temperature sensors: seven of them measured the temperature within a hole of 10cm depth inside the concrete, while the eighth sensor recorded the ambient air temperature. is equal to rotational angle, which is a constant for a given cross-section. Therefore, the deflection line w(x) measured by our vertical displacement sensors and its derivatives may be helpful for the identification and localization of damage. In practice, the measurements are done at discrete points along the tested structure and are usually sparse to limit the number of transducers. To assure precision and avoid measurement noise, we want at first to discuss the necessary distance between measuring points together with the measuring error, especially when it comes to numerical derivation.
As an illustrative example, a simply supported beam is considered with length l, Young's modulus E, moment of Inertia I, under an evenly distributed constant load q. At a distance x from the first bearing, the expressions for deflection w, slope w' and curvature w'' are analytically known and given below: 
By taking similar quantities as for our tested real concrete beam, as shown in Table 2 : Table 2 
For illustration purposes, for given distances , different values of precision ∆ are assumed to calculate according to (4) ∆ ′′ , the achievable precision in Table 3 : Table 3 Figure 4 and Figure 5 . The position of the tendons at the cutting line is shown in Figure 6 within the lower part of the beam's cross-section. A whitening of a tendon represents its cutting. The initial state #0 and other four damages #1 to #4 are reported in Table 4 . Within each damage state, the tendons were cut symmetrically in the cross-section. For damages #1 to #3, all wires of the tendons were fully cut because they were all well accessible after removing the concrete cover. However, for the last damage scenario #4, tendons were only partially cut because the inner wires could not be reached without removing filled surrounding concrete. Consequently, only half of the fibres were cut for each tendon, as illustrated in Figure 6 for damage #4. The situation of cutting and cracking are represented in Figure 7 and Table 4 . 
Overall measured displacements
To check the measuring precision of the 8 displacement transducers and the stiffness of the bearings, an independent optical measuring system was used from a distance of several meters. The two live loads were positioned on the beam for 2 hours and then removed again. The results of the optical system were compared with the inductive sensors in Figure 8 . This test proved that the displacements of the bearings are smaller than 0.29 mm and that our test set-up was fine. considered as "test-only" and hence not evaluated later on. Hence, only seven loading are examined, always referring to the damage scenarios defined in Table 4 and indicated in Figure 9 in green segments at the top. For instance, "#0-L1" means loading 1 in scenario #0, while "#0-L2" designates loading 2 in the same damage state.
The static displacement gives important information about damage and its localization. Sensors of special importance are SV3 and SV2, which are left and right to the cutting line (see Figure 4 ). Let us recall that Figure 9 contains the complete static loading test history for every damage state. Before scenario #3 was applied, the two sensors in the middle SV1 and SV8 of the beam show the highest readings; but from #3 onwards, i.e. after 6 th February, the SV3 (red) signal passes by SV1 and SV8.
The sudden rise of displacements SV2 and SV3 corresponds to the formation of vertical cracks and their opening between these transducers. Thus, the maximum deflection was no longer in the middle, but at the location of the crack, which is indeed an efficient way to localize damage.
Another important phenomenon can be observed in damage scenario #4, when there are two subsequent loadings in one damage state. The graph shows a clear diminution of displacement from the first #4-L1 to the second #4-L2 loading. During the first loading (L1), a plastic, i.e. non-reversible deformation took place, which is a well-known phenomenon when yield stress of metal or when the crack load of reinforced concrete is exceeded, ref. e.g. [16] . Figure 10 shows the principal stress-strain behaviour in this case: during the first loading (L1), the deformation was at the beginning elastic (segment OA) and then evolved to plastic (segment AB). With unloading (BC segment), the beam's behaviour followed a straight line parallel to OA until zero stress level, leaving a residual strain (OC) and so a residual deformation. A subsequent 2 nd , 3 rd …etc. loading (L2, L3, …) up to the same maximum stress from C follows the line CB. Hence, the total strain in L1 εtotal is significantly higher than the elastic strain in L2 . Figure 10 reveals clearly the non-linear behaviour including plastic, non-reversible deformation. 
Deflection curve and its derivatives
The aim here is to establish deflection lines of the beam, referring to the initial (=zero) position of unloaded (UL) configuration. Since the first two loadings in Figure 9 were used just for stabilizing the system, these data are not considered. As static measurements started already before and as on January 22 some transducers were rearranged, we considered this moment subsequently as a new starting point. Hence, the absolute offset at this moment for every transducer was subtracted, so that vertical displacement in every point starts from zero.
Therefore, Figure 13 While damage can be visually and easily localized in Figure 13 by the absolute maximum of deflection and the monotonous sagging (see also Figure 12c ), it is interesting to highlight the change in the shape of the curves near the cutting line in Figure 13 . Naturally, the first derivative w′ and the second derivative w′′ of the deflection curves w (namely slope and curvature) should be helpful for localization.
If a deflection line w includes several discrete points with abscissa −1 , , +1 …, the slope and curvatures may be approximated as: 
The first numeric derivative (slope) is shown in Figure 15 for the unloaded states according to both the straight line and the cubic spline interpolation. The difference between the two interpolations and the numerical approximation of the derivatives are outlined in Table 5 . The first node is chosen between the first (fixed) bearing and SV6, the last node is between the second (sliding) bearing and SV5. 
Variation of displacement due to temperature
The temperature was measured in the beam by 7 sensors as shown in Figure 5 with the view from the East, i.e. the sunny side. As shown in Figure 19 In Figure 20 , the midpoint deflection SV1 is plotted for all loadings only (L) versus the bottom flange temperature T4, while Figure 21 shows the horizontal movement SH7 close to the sliding bearing over T4. Figure 22 and Figure 20 show basically the same data, but split in one graph for each loading.
Magenta lines present all data, while dark blues select the same periods in both graphs (for overall plot and for each loading) with little or no horizontal movement, i.e. a more or less constant values in Figure   21 and Figure 23 respectively. For these "retained" data without horizontal movement, a linear regression line was calculated and added in green colour. (It should be noted that adding the green to the dark blue colour gives sometimes the impression of light blue colour). The horizontal movement is caused by temperature changes (expansion and contraction), but also by mechanical stresses generating axial strain (elastic or plastic incl. cracking). As well if there is no horizontal motion, we can detect an up and down movement in SV1. This might be caused by temperature difference between the top and bottom flange and due to blocked axial movement of our non-perfect sliding bearing. During the horizontal moving phases, a stick-slip effect of the sliding bearing is noticed which was caused by frictional forces. During a "stick-phase", the axial elongation/contraction generates vertical deflection, because the beam is clamped at both sides. Therefore, straight regression lines can be established in would lead also to vertical deflection even with an ideal and perfect sliding bearing which allows horizontal movements. In this case, the vertical deflection SV1 should be inversely proportional to the temperature difference ∆T between top (T6, ref. to Figure 5 ) and bottom (T4) of the beam, i.e. ∆T=T6-T4. The corresponding plot SV1 versus ∆T is presented in Figure 24 for the same periods and the same notation of colours and type as preceding figures. Figure 20 and also to Figure 27 ). Loading #4-L1 continues for ≈5 days, as long as loading #3-L ( Figure 9 ). However in Figure 22 , the data of loading #4-L1 and also #4-L2 are much more dispersed than of loading #3-L, probably because no cracking and plastification was present in #3-L. An increase of temperature during loadings #4-L1 and #4-L2 produces additionally horizontal movements and sliding as detailed in Figure   28 . In Figure 30 , the differences between loaded and unloaded data after the temperaturecompensation are introduced as red numbers and then reported in Figure 31 . For damage states #0
and #4, we see a decrease between loading L1 and L2 due to the described effect in Figure 10 It should be highlighted again that based on a comparison of Figure 22 with Figure 24 , in the present case the absolute concrete temperature T4 was chosen as appropriate independent variable, while in other cases, this might also be ∆T = Ttop-Tbottom as already discussed.
Figure 31:
Step-height of compensated vertical deflection between loaded and unloaded state
Summary and Discussion
Concrete properties and prestress of tendons were verified, knowing that these are only random and local samples. The inspection of prestressed tendons showed also that due to the injection of mortar, the tendons were mostly joined to the concrete and hence anchored. Hence if a prestressed tendon fails, the damage is only local and will not affect directly the full length. But depending on the amount of passive reinforcement, the level of prestress and the actual charging and location, cracking of concrete may appear late and hence very close to collapse [3, 7] . Hence, this may lead to brittle failure that may be very critical. This inconvenience can be overcome by adding passive reinforcement or by renouncing the grouting with mortar and leaving access to the tendons' ends. In this case, grease is used instead of mortar, which enables the control of the tendon's stress states at any moment and The deflection line changes obviously with damage: a plastic hinge is formed at the locus of the vertical cracks (position of damage) and the smooth deflection curve becomes somewhat angular. This change can be highlighted by derivation of the deflection line, but the sensor spacing must not be too small in order not to reduce the accuracy. If these restrictions are observed, the rotational angle and the curvature can be helpful damage indicators to detect the emerging local maximum.
As stated in the first paragraph of this section, the cutting of a tendon caused at first only local effects, i.e. a local loss of prestress, which does not always lead to cracking of concrete. Nonetheless, in accordance with the used FE models, the first vertical cracks appeared after the cutting of 6 among totally 19 tendons. The measurements showed that damage can effectively be localized from scenario #3 (cutting of 6 tendons) onwards based on the deflection curves and from scenario #2 onwards (cutting of 4 tendons) based on the changed curvatures. It is interesting to note that the maximum decrease of eigenfrequencies is only 4%, which will be presented in a separate companion paper.
As cracking of concrete and plastification of reinforcement-steel are non-reversible and non-linear phenomena, the residual strain leads to a sagging of the bridge, which should be used as another damage indicator. This sagging under gravity is in principle monotonous, but may be hidden by temperature effects. The step-height in the deflection curve due to mass loading is traditionally also used as damage indicator, but less pronounced as often assumed. Nevertheless, attention should be paid that at least the structure is twice loaded then unloaded in order to separate plastic and elastic phenomena. Therefore, only the step-height from the second loading should be considered.
Finally, the absolute outdoor temperature and the temperature differences between top and bottom affect the measured deflection line. Unfortunately, this effect is unavoidable, but may be limited by choosing cloudy days for the measurements without high and direct solar irradiation, which additionally leads to local temperature differences [17] . A temperature compensation algorithm is proposed based on the slope of the deflection-temperature curve. This curve can be measured prior to damage detection in the healthy reference state and then used for subsequent temperature compensation. The proposed algorithm shows promising results in the discussed example based on the absolute temperature, but may also be used based on temperature differences, depending on the required forces for axial expansion/contraction, i.e. on the sliding bearing.
Thus, multiple indicators can be deduced from static loading tests, which are respecting the service limit-loading threshold.
Conclusions
Classically the deflection of a bridge during static load testing is measured with levelling (today electronic and digital) from topside with respect to a fixed reference point either apart or on the abutment of the bridge. Static quantities can be measured by other tools namely tilt or strain sensing as presented in [18] . In this work, static deformation was measured by displacement sensors, which was here an easy and reliable solution. Furthermore, long-gauge deformation sensors may be an interesting alternative as they cover the whole volume of a structure enabling a global monitoring with high resolutions [19] .
Photogrammetric and GPS [20, 21] measurement technology have improved significantly in the last years and may hence also be used in future for quick and easy capturing of the deflection line under a test load and/or for detection of the sagging of the bridge under gravity referring to the supports, i.e.
referring to an initially defined constant zero-line. However, practically, the repeatability and the absolute precision of all the different techniques is surely a topic of its own.
The repeated measurement of deflection lines with constant mass loading over years can also be used after temperature compensation for model-updating of finite element models, which in return can highlight stiffness reductions and hence damage.
